The five floral characters, i.e., number of pollen grains per flower, pollen grain diameter, anther length, number of ovules per flower and pollen-ovule ratio (P/O), were studied on 119 strains of 53 species in Brassica and allied genera with respect to the breeding system. There were large variations in all five characters among species, especially the number of pollen grains, number of ovules per flower and P/Os showed larger variations. The values range widely from 23-24 × 10 4 of Eruca spp. to 0.3 × 10 4 of Diplotaxis viminea and from 19800 of Hutera rupestris to 100 of D. viminea in the number of pollen grains and P/Os, respectively. The P/O was significantly correlated to the energy cost per flower. Both indices were closely related with the breeding system of species. The lowest P/Os and the smallest energy costs were found in the obligate autogamous species, while the xenogamous species showed higher and larger, but more fluctuating P/Os and energy costs. In the facultative autogamous amphidiploid species in Brassica crops, both P/Os and energy costs per flower were similar to those of xenogamous species; however, P/Os were lower than their xenogamous parental species. The relationships of P/Os with natural selection are also discussed.
Introduction
The variations of overall floral shape and floral components represent adaptations to various modes of pollination. Many reviews have reported the characteristics of floral morphology associated with breeding systems. Ornduff (1969) listed 32 floral characters that distinguished xenogamous plants from their autogamous derivatives for the cruciferous genus Laevenworthia. He indicated that the switch from xenogamy to autogamy had been accompanied by alterations in many morphological characters, mostly floral. Cruden (1977) mentioned that decreasing flower size and alterations in floral morphology, which mediated the evolutionary shift in the breeding system, reduced the energy cost per flower and facilitated self-pollination. Further, he emphasized that pollen-ovule ratios (P/Os) were a better predictor of a plant's breeding system than other morphological characters. Later, Spira (1980) , studying the California species of Trichostema (Labiatae), reported that three floral parameters, flower size, pollen-ovule ratio (P/O) and nectar volume, were correlated with the breeding system (autogamy vs. xenogamy) and pollinator type (bee vs. bird). The data showed that xenogamous plants expended more energy per floral unit and were less efficient seed producers than closely related autogamous species.
The species classified in subtribe Brassicinae hold our attention, because these members are related to crop Brassicas and are potential genetic resources for improving these crops. Although the floral structures of these species are composed of 1 pistil, 6 stamens, 4 petals and 4 sepals, several kinds of breeding system exist in this group. Hinata and Nishio (1980) reported that in 59 species in the Brassicinae, 50 species are self-incompatible and 9 are self-compatible. On the other hand, most previous studies that have dealt with floral diversity in members of the Cruciferae have chiefly centered on their use in taxonomic treatment and/or diagnostic descriptions of the species (Horovitz and Cohen 1972 , Clemente and Hernandes-Bermejo 1980 , Gómez-Campo 1980 and on intraspecific variation of floral traits for the production of F 1 hybrid seeds (Pierre et al. 1999 , Yoshioka et al. 2005 , Syafaruddin et al. 2006 . Little has been reported on the relationships between variations of floral characters and the breeding system. The exception is the study by Hinata and Konno (1975) , in which the definite relationships between the number of pollen grains per flower and the breeding system in Brassica and allied genera were given. In a study based on observations of P/Os of 66 crucifer taxa in California, Preston (1986) reported that P/Os can serve as a standard for indicating the breeding system.
It is reported that P/Os are also related with plant habitats and/or successional stages involving adaptation strategies (Cruden 1977 , Ramirez and Seres 1994 , Chouteau et al. 2006 . In particular, Cruden (1977) , after studying more than 80 different species, indicated that P/Os increase significantly from disturbed habitats to late successional seres.
The object of the present study was to evaluate the variation of floral characters in the subtribe Brassicinae and to clarify the relationships of P/Os with energy costs per flower, breeding systems and adaptation strategies.
Materials and Methods

Plant materials
The materials used were composed of 119 strains of 53 species in subtribe Brassicinae: 48 strains of 18 species in Brassica, 31 strains of 13 species in Diplotaxis, 4 strains of 2 species in Eruca, 16 strains of 8 species in Erucastrum, 5 strains of 1 species in Hirschfeldia, 7 strains of 6 species in Hutera (syn. Coincya), 1 strains of 1 species in Sinapidendron, and 7 strains of 4 species in Sinapis (Table 1) . They were preserved in the Plant Breeding Lab., Tohoku University, Japan. Details of these strains, including growing conditions, have been mentioned in previous papers Hinata 1980, 1986) . Plants were grown in pots of 24 cm diameter in a glass house.
Investigation of floral characteristics
The five floral characters, number of pollen grains per flower, pollen grain diameter, anther length, number of ovules per flower and P/O, were investigated. The number of pollen grains per flower was determined using a hemacytometer according to Hinata and Konno (1975) . Flower buds one day before anthesis were collected randomly during the middle of flowering and fixed in 3 : 1 ethanol-acetic acid. All anthers removed from a flower bud were placed in a test tube, with 0.3 ml solution of 50% glycerin water containing 0.08% cotton blue. The solution with anthers was stirred by a 2 cm magnet. After checking to see that no pollen grains remained in the anthers, the number of pollen grains in the test tube was estimated by a hemacytometer. The pollen grain diameter was measured at the same time, and was presented as the mean value of 20-40 pollen grain samples from each of four plants that were randomly collected in each strain. The anther length was measured using anthers on long stamens. The number of pollen grains per flower and the anther length was presented by the average of four plants and five flowers were taken for each plant. The number of both placentas in the valve and seeds in the beak, which were already reported in the previous paper (Takahata and Hinata 1980) , were summed up in substitution for the number of ovules per flower.
Principal component analysis and other statistical analyses were carried our utilizing STATPAC (NEC) and/or JMP (SAS Institute Inc.).
Results
The value of the five floral characters, number of pollen grains per flower, pollen grain diameter, anther length, number of ovules per flower and P/Os, of each strains of 53 species in Brassicinae are given in Table 1 Table 2 shows correlation coefficients between the five characters. The number of pollen grains per flower showed the highest positive correlation with anther length (r = 0.708), and the highest negative correlation with pollen diameter (r = −0.548). There was a positive correlation between P/Os and the number of pollen grains per flower (r = 0.585) and a negative correlation between P/Os and the number of ovules per flower (r = −0.426).
Principal component analysis was carried out on six floral characters, i.e., petal length and width, pistil length, sepal length, anther length and number of pollen grains per flower. Of these, data of four characters, petal length and width, pistil length and sepal length, were taken from previous reports Hinata 1980, 1986) . Eighty-five percent of total variation was extracted by the first component. The first component score expressed the variation of the general size factor of characters, and it was assumed that this score reflected the energy cost per flower. Figure 1 is a scatter diagram of strains on the two characters of P/O and the first component score, showing that these characters are closely correlated (r = 0.578, P < 0.001). This means that plants with high P/O have a larger energy cost per flower, while those expending only small energy for floral units have lower P/Os.
Obligate autogamous species, such as B. tournefortii (B51-B53), D. viminea (D32) and Er. abyssinicum (M01, M02), had the lowest P/Os and the smallest flowers. D. muralis (D15, D16) and Er. gallicum (M06), which are autogamous allotetraploid, show the lowest P/Os but slightly larger flowers (energy cost per flower) than the obligate species. Either or both of the genomes comprising these two species originated from xenogamous parental species (Harberd 1976, Takahata and Hinata 1983) , seemingly reflected in the slightly larger costs per flower. The P/Os of autogamous B. oxyrrhina (B06-B08) were not greatly reduced, but the energy cost per flower was smaller than most xenogamous Brassica species.
Three amphidiploid species of Brassica crops, B. carinata, B. juncea and B. napus, are self-compatible and reported to be only partially outcrossing (Rives 1957, Olsson and Persson 1958) , and are regarded as facultative autogamous, even though all the genomes are from xenogamous parental species. Both the P/O and energy cost per flower of these three Brassica crop species, B. carinata (B13, B14), B. juncea (B30) and B. napus (B36-B39), were very difficult to distinguish from those of xenogamous species in Brassica (Fig. 1) ; however, when these amphidiploid species are compared with their parental species, it was revealed that they show intermediate energy cost per flower between their xenogamous parental species and lower P/Os than their parents, except for B13 strain of B. carinata (Fig. 2) . These results seem to suggest that these facultative autogamous amphidiploids have obtained a more efficient device for pollination than xenogamous parental species, although no reduction in energy cost per flower occurred. Among xenogamous species of Brassicinae, the P/O and energy cost per flower varied widely (Fig. 1) . On the whole, the variation of these two indices was quite continuous among species and genera; however, each genus seems to have a characteristic distribution; for example, Eruca and Hutera species had the high P/Os and the large energy cost per flower. Eruca species had the largest energy per flower, while Hu. rupestre (H09) and Hu. leptocarpa (H05) had the highest P/Os. Among Sinapis species, in spite of the rather constant energy cost per flower, P/Os ranged widely from 11900 of S. alba (S02) to 2800 of S. pubescens (S07). Hi. incana (HI1-HI5) had relatively high P/Os (4000-5800). Most Brassica species are xenogamous and are distributed widely in the diagram. The P/O value of B. fruticulosa ssp. cossoneana (B22) was very similar to that of autogamous species, while B. nigra (B40-B42) and B. oleracea (B43, B44, B46) were closer to Eruca species. Concerning the energy cost per flower, B. soulieri (B01, B02) was very similar to autogamous species, while B. oleracea was close to Eruca and Hutera species. B. nigra showed the highest P/O among Brassica species, notwithstanding its relatively small flowers. A similar case was also seen in S. alba (S01, S02). The distribution of Diplotaxis, Erucastrum, and Sinapidendron species overlapped that of Brassica in the diagram (Fig. 1) . In Diplotaxis, however, D. harra cytodeme (D10-D14), D. tenuifolia cytodeme (D17, D21) and D. sittiana (D31) increased the energy cost per flower without an accompanying distinct increase in P/Os.
Discussion
In general, our results indicated that the shift from xenogamy to autogamy is accompanied by reduced floral size and decreased P/Os. This agrees with the results of previous research, as described in Ornduff (1969) , Cruden (1977) , Spira (1980) , and Preston (1986) . Of nine autogamous species, three obligate species, B. tournefortii, D. viminea and Er. abyssinicum, had the smallest energy cost per flower and the lowest P/Os. The three amphidiploid species of Brassica crops, B. carinata, B. juncea and B. napus, showed intermediate energy cost per flower between their xenogamous parental species and lower P/Os than their parent. The fact that these facultative autogamous Brassica crops have maintained the higher energy cost per flower and remnants of the parental outcrossing mechanism (Ohsawa and Namai 1987) suggests their recent derivation from xenogamous species. Two autogamous allotetraploids, D. muralis and Er. gallicum, which show very low P/Os, almost identical to those of obligate autogamous species, but with slightly larger energy cost per flower, have retained a partial outcrossing mechanism by means of their attractive larger flowers. The autogamous diploid, B. oxyrrhina, was characteristic of a much reduced energy cost per flower in spite of rather high P/Os. This seems to imply that B. oxyrrhina is in the process of changing from facultative to obligate autogamy. As with flower size, flower number is known as another important character for pollination (Conner and Rush 1996) . Some xenogamous species, such as B. souliei (B01, B02), have similar flower size as obligate autogamy, but show higher P/Os. For such species, the flower number is considered to be important for pollinator attraction; however, since flower number was not investigated in this study, these points remain to be elucidated in the future. Molecular phylogenetic studies (Warwick et al. 1992 , Ohshima et al. 2001 revealed two distinct lineages, Rapa/ Oleracea and Nigra, in subtribe Brassicinae. Autogamous species present in both lineages, for example, B. oxyrrhina, D. viminea and Er. abyssinicum, belong to Rapa/Oleracea, and B. tournefortii to Nigra, indicating that the change in breeding systems occurs independently of species differentiation. Cruden and Miller-Ward (1981) proposed and tested the hypothesis that P/O is inversely related to (1) the likelihood of pollen grains reaching a stigma and (2) the pollen size in xenogamous plants. In the present study, a negative relationship between P/O and pollen grain size, even though not very significant statistically, was also found (r = −0.284). In addition, it became clear that P/Os were closely related to energy cost per flower (r = 0.578, P < 0.001). Similar cases have been found in the relationships between flower diameter and P/O in Trichostema of Labitatae (Spira 1980) . Although Brassicinae species showed positive relationships between flower size and P/O value, in species such as B. nigra, S. alba and Hi. incana, high P/Os were not always accompanied by large floral energetics ( Fig. 1 and Fig. 2 ). This is due to incomplete estimation of energy cost per flower. In this study, the indicators of the energy cost per flower were estimated without determining nectar production; therefore, the energy cost per flower of these species may have been underestimated.
Brassicinae species do not only have dissimilar habitats but also have very different lifestyle forms, consisting of many annuals or biennials and a few perennials (Tsunoda 1980) . Some species of Diplotaxis have as low P/Os as obligate autogamous plants in spite of their large floral energetics and grow in an unstable environment or disturbed habitat. D. harra plants, for instance, grow in the desert, being exposed to seasonal aridity. Such species can be regarded as ruderal (R) selected plants defined by Grime (1977) . Most species with higher P/Os, on the other hand, are plants with secondary strategies. Hutera species grow on rocky outcrops in mountainous regions and B. oleracea on coastal cliffs that are always exposed to salinity. Since these locations would be interpreted as slightly disturbed unproductive habitats, they may be regarded as competitive (C)-stress-tolerant (S) strategists. S. alba grows in regions with abundant moisture and fertile soil such as foothills and the edges of ditches. B. nigra is usually found on slopes between roads and crop fields. Such species seem to have adapted to environments with low stress impact and with the competition restricted to moderate intensity by disturbance. These are viewed as C-Rplants. Eruca species are commonly found in unfertilized meadows. As the competition is restricted to moderate intensity by the combined effects of stress and disturbance in such habitats, they are regarded as C-R-S-plants. From the above examples, it is concluded that, in the subtribe Brassicinae as a whole, species with low P/Os are R-selected plants and with increased P/Os, they seem to shift from R-to C-or/and S-selected plants. 
